We have successfully generated a Drosophila model of human polyglutamine (polyQ) diseases by the targeted expression of expanded-polyQ (ex-polyQ) in the Drosophila compound eye. The resulting eye degeneration is progressive and ex-polyQ dosage-and ex-polyQ length-dependent. Furthermore, intergenerational changes in repeat length were observed in homozygotes, with concomitant changes in the levels of degeneration. Through genetic screening, using this fly model, we identified loss-of-function mutants of the ter94 gene that encodes the Drosophila homolog of VCP/CDC48, a member of the AAA+ class of the ATPase protein family, as dominant suppressors. The suppressive effects of the ter94 mutants on ex-polyQ-induced neurodegeneration correlated well with the degrees of loss-of-function, but appeared not to result from the inhibition of ex-polyQ aggregate formation. In the ex-polyQ-expressing cells of the late pupa, an upregulation of ter94 expression was observed prior to cell death. Coexpression of ter94 with ex-polyQ severely enhanced eye degeneration. Interestingly, when ter94 was overexpressed in the eye by increasing the transgene copies, severe eye degeneration was induced. Furthermore, genetical studies revealed that ter94 was not involved in grim-, reaper-, hid-, ced4-, or p53-induced cell death pathways. From these observations, we propose that VCP is a novel cell death effector molecule in ex-polyQ-induced neurodegeneration, where the amount of VCP is critical. Control of VCP expression may thus be a potential therapeutic target in ex-polyQ-induced neurodegeneration.
Introduction
A growing number of inherited neurodegenerative diseases have been found to result from the expansion of unstable CAG trinucleotide repeats. 1 ± 3 To date, eight inherited neurodegenerative disorders have been recognized as belonging to this class of diseases. In each case, there is an expansion in the stretch of CAG repeats located in the coding region of the disease gene, resulting in an expanded polyglutamine (ex-polyQ) repeat in the diseased protein.
Several lines of evidence have suggested that expansion of the polyQ repeat confers a toxic gain-of-function property on the protein. This toxic property is correlated with an increased propensity for the diseased protein to misfold and form aggregates. Therefore, misfolding or altered solubility of expolyQ protein is thought to be a fundamental defect underlying the polyQ diseases. The existence of an ubiquitinated form of polyQ-containing aggregates associated with proteasome components indicates that neurons are attempting to reduce these abnormal protein aggregates, and that the elongation of the polyQ stretch may render the proteins to be resistant to proteasome-mediated degradation (for review, see 4 ). Although ex-polyQ-containing aggregates or inclusions have been found in the nucleus of affected neurons from patients, animal models, and in cultured cell models, the pathological significance of these ex-polyQ aggregates is still under controversy. 5, 6 On the other hand, recent lines of evidence have indicated that ex-polyQ directly interact and co-localize with transcriptional factors, including TATA-binding factor (TBP), CREB-binding protein (CBP), p53, eye-absent, nuclear receptor co-repressor (N-CoR), mSin3A, CA150, steroid receptor co-activator-1 (SRC-1), and TAFII130. 7 ± 14 These results raise the possibility that dysregulation of these pathways through protein ± protein interaction might cause a neuronal cell dysfunction seen in polyQ diseases.
Until now, several laboratories have reported the establishment of ex-polyQ-induced cell death in the Drosophila compound eye. 15 ± 18 These studies showed that eye degenerative phenotypes observed are ex-polyQ repeat length-and gene dosage-dependent, and were progressive with aging. These pathological features are similar to that of human polyglutamine diseases. Moreover, histochemical analyses revealed that ex-polyQ containing protein aggregates were observed as nuclear and cytoplasmic inclusions followed by cell death, namely eye degeneration.
Using Drosophila models, several groups identified that overexpression of molecular chaperones, including HSP70, HSP40 and dTPR2, can mitigate the ex-polyQ-induced eye degeneration without altering the ex-polyQ aggregates. 19 ± 21 This suppressive effect by molecular chaperones in the Drosophila system is consistent with the results of in vitro studies of mammalian models. 22 Furthermore, Boates and colleagues performed large-scale genetical screening using SCA1 model flies and showed that mutants of transcriptional regulators such as Sin3A, Rpd3, dCtBP and dSir2 modified the eye degeneration phenotypes. 18 These lines of evidence further supported the notion that protein misfolding and subsequent abnormal protein interactions, especially between ex-polyQ and transcriptional factors, may cause transcriptional dysregulation leading to eye degeneration or cell death in Drosophila.
In this study, we performed a dominant modifier screen for enhancers and suppressors of rough eye phenotype caused by ex-polyQ expression in the developing eye. We screened through a combination of chromosomal deficients and a collection of P-element insertions, and identified several genes that alter the eye ablation phenotype. Here, we report the identification of the ter94 gene as one of the effector genes in the ex-polyQ-induced cell death pathway.
Results

Establishment of a¯y model of polyQ diseases
Transgenes encoding an epitope-tagged 22, 79 and 92 glutamine repeat (Q22, Q79 and Q92, respectively) were designed and expressed in the compound eyes of Drosophila, by putting transgene expression under the control of the eye-specific glass promoter (pGMR). Like other models, 15 ± 18 we were able to successfully create fly models exhibiting degenerative eye phenotypes. The degenerative phenotypes observed were polyQ lengthand transgene dosage-dependent (Figure 1A ± C), and were progressive with aging (not shown). The formation of ex-polyQ aggregates, followed by severe cell death, was observed as seen in other models.
± 18
Intergenerational change of CAG trinucleotide repeats in Drosophila
Upon maintaining the transgenic flies as homozygous stocks for several generations, a small population of flies was found to exhibit either a more severe or a milder eye phenotype than the parental flies ( Figure 1D±F ). The CAG repeat lengths in the transgenes of such flies were examined, since CAG repeat length is known to be the major determinant of the severity of degeneration, and moreover, the instability of expanded CAG repeats has been reported in several organisms, including humans, mice, E. coli, and yeast. 23 Among the offspring of the GMR ± Q79 homozygote flies, a further expansion of CAG repeat length was observed in less than 0.5% of the F1 flies; further expanded CAG alleles of 92, 83, 81 and 80 repeats were found in three independent GMR ± Q79 lines. On the other hand, approximately 3% of the F1 flies exhibited a shortening of repeat length; shortened CAG alleles of 58, 67, 64, 72 and 76 repeats were found in the same three independent GMR ± Q79 lines. Simultaneous changes in CAG repeat lengths in both alleles were not observed. The degree of eye degeneration was highly sensitive to changes in repeat length, even though the change of repeat length occurred in only one transgenic allele ( Figure 1D ± F) . Such intergenerational repeat instability was not observed in the four independent GMR ± Q22 homozygous lines that were analyzed.
Loss-of-function mutation in the ter94 gene dominantly suppresses polyQ-induced cell death phenotypes
In order to identify genes involved in the polyQ-induced eye degeneration pathway, genetic screening was performed to search for dominant suppressors and enhancers of the rough eye phenotype. Namely, rough eye flies were crossed with 180 fly lines from a chromosomal deficiencybearing stock. Our survey revealed that one chromosomal deficient fly line, Df(2R)X1, which lacks the polytene chromosome bands 46C03 ± 46E02, acts as a dominant suppressor. To identify the gene responsible for this suppression, available P-element inserted mutants with insertions mapping to the chromosomal position around the region absent in Df(2R)X1 were then tested. Through Pelement-orientated screening, two independent P-elementinserted lethal alleles, l(2)k15502 and l(2)03775 were found to act as weak dominant suppressors. Abnormalities in external eye structure, such as the fusion of ommatidia and loss of pigmentation, were improved by these P-element insertions (Figure 2A,B) . The genomic DNA surrounding these insertions was isolated by plasmid rescue. Comparison of the sequences obtained with the Berkeley Drosophila genome project database (http://www.fruitfly.org/blast) revealed that both P-elements were inserted in the 5'-noncoding region of the ter94 gene. Both of the Pelement inserted mutations caused zygotic embryonic lethality when homozygotic, and have been reported to be hypomorphic alleles. Ter94, the Drosophila homolog of VCP/p97/CDC48 and a member of the AAA+ class of the ATPase protein family, is 799 amino acids in length (approximately 94 kD), and contains two characteristic Walker motifs. 24 To confirm whether the ter94 loss-of-function mutation is responsible for the suppression of ex-polyQ-induced degeneration, the rough eye phenotypes of EMS-induced ter94 mutants were examined. 25 In flies harboring a strong loss-offunction mutation of ter94 in one allele (ter94 26-8 /+), the rough eye phenotype was dramatically suppressed ( Figure  2A ,C,E ± G). In flies harboring a reportedly weak loss-offunction mutation of ter94 in one allele (ter94 [22] [23] [24] [25] [26] /+), the rough eye phenotype was also suppressed, but the effect was weaker than that of ter94 /+ (Figure 2A ,D). These results indicate that ter94 function is directly related to expolyQ-mediated eye degeneration. Furthermore, the identification of loss-of-function ter94 mutants as dominant suppressors implicates that ter94 plays an important role in the ex-polyQ-induced cell death pathway, most likely as an effector or a positive regulator. Genetical suppression of ex-polyQ-induced neurodegeneration by ter94 loss-of-function mutations is not a result of the inhibition of expolyQ aggregate formation
To date, the issue as to whether the formation of ex-polyQ aggregates is causative for the neurodegeneration seen in human polyQ diseases or not has been under controversy. Hence, in order to test whether the dominant suppression of eye degeneration by the loss-of-function of ter94 is accompanied by a change in ex-polyQ aggregates, the level of expolyQ aggregate formation in the eye discs from third instar larvae and the compound eye of pupa were immunohistochemically analyzed using anti-epitope antibodies. In the retina of flies harboring one copy of GMR ± Q92 and ter94 26-8 on one allele, the total amounts and sizes of the ex-polyQ aggregates were almost the same as that of control flies carrying just one copy of GMR ± Q92 ( Figure 3A ,B). Regarding subcellular localization and the time of onset of aggregation, no clear difference between the two lines could be found. The eye discs of late pupa were also analyzed, but no clear difference could be observed in the formation of aggregates at this stage either ( Figure 3C,D) . These results indicate that the dominant suppression of ex-polyQ-induced neurodegeneration by ter94 loss-of-function mutations is not a result of the inhibition of ex-polyQ aggregate formation.
The expression of ter94 is upregulated at a relatively late stage in the ex-polyQ expressing cells
In order to examine ter94 protein expression and to determine its localization, the compound eye of late pupa were stained using affinity purified anti-ter94 polyclonal serum. Immunohistochemical analyses revealed intense signals in the retina of the GMR ± Q92 lines ( Figure 4A ± C) . In contrast to the GMR ± Q92 lines, only faint signals were observed in the control GMR ± GAL4 lines ( Figure 4D ± F) . In the GMR ± Q92 lines, Figure 4G ), but some ter94 signals were co-localized with ex-polyQ aggregates ( Figure 4C ). These strongly ter94-positive cells were morphologically flattened. On the other hand, in the retina of transgenic flies harboring ter94 26-8 /+, while an enhanced ter94 signal was also observed, the morphology of the compound eye was relatively retained (Figures 2F and 4H) . In order to further analyze ter94 expression at an earlier stage, the eye discs of third instar larvae were examined. In the eye discs from the GMR ± Q92 lines, the expression of ter94 was faint in the cytoplasm, and no difference was observed when compared with the wildtype (data not shown). These results suggest that the expression of ter94 is upregulated at a relatively late stage even in the presence of ex-polyQ expression.
Co-expression of ter94 with ex-polyQ severely enhances eye degeneration In order to address whether an elevated level of ter94 alters ex-polyQ-induced eye degeneration, ter94 transgenic flies (GMR ± GAL4;UAS ± ter94) were generated and crossed with ex-polyQ-expressing lines. Co-expression of ter94 with Q92 or with Q79 both led to enhancement of rough eye phenotypes in these flies ( Figure 5A ± G). With this genetic background, the extent of eye roughness induced by one copy of ex-polyQ increased to a level almost equal to that induced by two copies of ex-polyQ in the normal genetic background (Figure 5A ± F) . The amount and size of ex-polyQ aggregates did not recognizably change upon co-expression of ter94, although much more co-localization of ex-polyQ and ter94 was observed ( Figure  5G ,H).
Overexpression of ter94 induces apoptotic cell death
Flies carrying GMR ± GAL4;UAS ± ter94 exhibited a mild eye ablation phenotype characterized by a slight loss of red pigmentations, irregular ommatidial packing and missing inter ommatidial bristles ( Figure 6A,C) . When the transgene was increased to two copies (GMR ± GA- Figure 4 Expression of ter94 protein was upregulated in the ex-polyQ-expressing eyes. (A ± H) Horizontal sections of adult Drosophila heads were stained with anti-ter94 polyclonal antibody (Red), anti-FLAG antibody (Green) for detecting ex-polyQ (Q92), and DAPI (Blue) for visualizing cell nuclei. Confocal microscopic images of retina from the following genotypes are shown: (A ± C,G) GMR ± Q92/+, (D ± F) GMR ± GAL4/+, and (H) GMR ± Q92/ter94 . Overlay images of ter94 and ex-polyQ (C,F) and all three markers (G,H) are also presented Cell Death and Differentiation ter94 in polyglutamine-induced neurodegeneration H Higashiyama et al L4;UAS ± ter94/UAS ± ter94), eye tissue became considerably degenerated and the size of compound eye became extremely small ( Figure 6B,D) . The external eye surface appeared to be less pigmented and glassy ( Figure 6B ). TUNEL analysis of head sections revealed that massive apoptotic cell death has occurred in the compound eye cells ( Figure 6E ± G), suggesting that ter94 itself has an apoptosis-inducing activity and the upregulation of ter94 seen in polyQ-expressing cells are a direct cause of neuronal cell death.
Ter94-induced cell death pathway proceeds via a different pathway from known cell death pathway
In Drosophila, three major apoptosis-inducing genes, grim, reaper, and hid have been isolated. 26 ± 28 Overexpression of each of these three genes, as well as ced4 and human p53 in the compound eyes of Drosophila led to eye degenerative phenotypes to different degrees ( Figure 7) . 29, 30 Genetic analyses were performed to examine whether ter94 is involved in the cell death pathway used by these apoptosis Figure 5 Enhancement of ex-polyQ-induced eye degeneration by the additional expression of ter94. (A ± F) Light photomicrographs of adult Drosophila compound eye with the following genotypes are shown: (A) GMR ± Q92/+, (B) GMR ± GAL4/+;GMR ± Q92/UAS ± ter94, (C) GMR ± Q92/GMR ± Q92, (D) GMR ± Q79/+, (E) GMR ± GAL4/+;GMR ± Q79/UAS ± ter94 and (F) GMR ± Q79/GMR ± Q79. Excess expression of ter94 by the transgene enhanced the external eye roughness and loss of pigmentation in flies harboring (B) one copy of GMR ± Q92 and (E) GMR ± Q79, which were comparable to flies carrying (C) two copies of GMR ± Q92 and (F) GMR ± Q79, respectively. (G,H) Immunohistochemical detection of ex-polyQ aggregates and ter94 in the Drosophila compound eye in the (G) GMR ± Q92/+ and (H) GMR ± GAL4/+;GMR ± Q92/UAS ± ter94 genotypes. Samples were stained with anti-ter94 polyclonal antibody (Red), anti-FLAG antibody (Green) for detecting ex-polyQ (Q92), and DAPI (Blue) for visualizing cell nuclei. Confocal images of all three markers are overlaid and presented
Cell Death and Differentiation ter94 in polyglutamine-induced neurodegeneration H Higashiyama et al inducers. Namely, flies carrying GMR ± grim, GMR ± reaper, GMR ± hid, GMR ± ced4, or GMR ± GAL4;UAS ± p53 were crossed with ter94 26-8 /+. In contrast to ex-polyQ-induced eye degeneration, the ter94 26-8 /+ background did not cause inhibition of the eye degenerations induced by these cell death inducers (Figure 7) . These results clearly indicate that ter94 does not function as an effector of cell death by acting downstream of these cell death inducers, and thus specifies the effector function of ter94 in ex-polyQ-induced cell death.
Discussion
In an attempt to screen for the effector molecule in ex-polyQ cell death pathway, we performed genetical F1 screening of dominant suppressor and enhancers. As a result of the screening, we identified loss-of-function mutants of ter94, Drosophila VCP/p97, as a dominant suppressor. In ex-polyQ expressing cells, ter94 expression was significantly upregulated prior to cell death. Furthermore, transgenic fly study revealed that the overexpression of ter94 induced severe apoptotic cell death in the compound eye. These results suggest that ter94 seems to play a key role as an effector in ex-polyQ cell death pathway.
VCP is ubiquitously expressed and highly conserved between various species; BLAST analyses revealed that ter94 is 84% identical to the human VCP/p97 and 67% identical to yeast CDC48p. Members of the AAA+ class of ATPase have been reported to be involved in a variety of biological processes, including protein degradation. 31, 32 Biochemical and genetic analyses have shown that ter94 is involved in fusome formation 33 and oskar mRNA localization to the Drosophila egg chamber. 25 There have been no previous reports stating the involvement of VCP in neurodegeneration, although a possible link between VCP and cell death in other situations has been reported. 34, 35 For other purposes, we biochemically purified a protein interacting with the MJD protein containing an ex-polyQ from mammalian cells, which turned out to be VCP. 36 Furthermore, we observed that the expression of certain VCP mutants in cultured mammalian cells induce cell death. 36 In dividing cells, VCP/CDC48 has been reported to perform multiple roles in cell cycle progression, such as during membrane fusion, 37 spindle body/centrosome duplication, 38 organelle assembly, 39 etc. Through independent genetical (this study) and cell biological analyses, 36 we found evidence that VCP/ter94 can function as a cell death inducer or effector in certain conditions. These apparently opposing effects of VCP/ter94 on cell cycle progression and cell death are confusing. However, the complexity of the various functions of VCP/ter94 could possibly be due to differences in cell states, e.g. cells in the dividing state and in the post-mitotic state. The ex-polyQ-expressing cells in our fly system included photoreceptor neurons, cone cells, and pigment cells, which are all nondividing cells. Consistent with this, ex-polyQ-mediated cell death was not clearly observed in the dividing imaginal disc cells. 15 
Figure 6
Over expression of ter94 protein caused the dosage-dependent cell death in Drosophila compound eye. (A,B) Light photomicrographs of adult Drosophila compound eye in the (A) GMR ± GAL4/+;UAS ± ter94/+ and (B) GMR ± GAL4/+;UAS ± ter94/UAS ± ter94 genotypes are shown. Immunohistochemical detection of ter94 in the Drosophila compound eye in the (C) GMR ± GAL4/+;UAS ± ter94/+ and (D) GMR ± GAL4/+;UAS ± ter94/UAS ± ter94 genotypes. Samples were stained with anti-ter94 polyclonal antibody (Red) and DAPI (Blue) for visualizing cell nuclei. (E ± G) The horizontal sections of late pupa heads were stained by the TUNEL method (Green) and DAPI (Blue). Genotypes; (E) GMR ± GAL4/GMR ± GAL4, (F) GMR ± GAL4/+; UAS ± ter94/+ and (G) GMR ± GAL4/+;UAS ± ter94/ UAS ± ter94 Indeed, the selective loss or cell death of post-mitotic neurons is the prominent feature in many human neurodegenerative disorders.
One characteristic feature of polyQ-induced neurodegeneration is late onset, even in animal models. In Drosophila polyQ disease models including our flies, the formation of ex-polyQ aggregates was found in the third instar larvae, but ex-polyQ-induced cell death begins mainly in the late pupa stage. This time period between the third instar larvae stage and late pupa stage is indeed the period that was found to exhibit an increase in ter94 expression. These observations lead to the idea that both the amount and timing of ter94-expression are crucial to its effector function in ex-polyQinduced cell death. This idea is further supported by our transgenic fly experiments of ter94, where elevated ter94 levels were found to induce severe apoptotic cell death. Genetical interaction experiments using Drosophila apoptosis inducing genes implicated the ter94-mediated pathway was different from these pathways. Further genetic studies will contribute to understanding the mechanism involved in ter94-mediated cell death pathway.
Recent genetic studies using the Drosophila system have shown that overexpression of a number of molecular chaperones such as HSP70, HSP40 and dTPR2 can mitigate the ex-polyQ-induced eye degeneration phenotype without altering the ex-polyQ aggregate. 19 ± 21 The mechanisms leading to such inhibition, however, remain controversial. It is noteworthy that we have identified physical interactions between VCP and both HSP70 and HSP40 by biochemical analyses (unpublished observations). Overexpression of these chaperones may mask VCP/ter94, thus inhibiting its effector function in ex-polyQ induced eye degeneration, a possibility that remains to be tested. We have also isolated several other mutant fly lines, including those with mutations in several transcription factors, which dominantly modify the ex-polyQ-induced eye degenerations. Further analyses of these mutants, especially with regard to their roles in the control of VCP expression and as potential genes acting downstream of ter94 in the cell death pathway, will shed further light on the understanding of the molecular basis of the polyQ diseases. Figure 7 The lack of involvement of ter94 in grim-, reaper-, hid-, ced4, and p53-mediated cell death pathways. (A ± E) Light and (F ± O) electron photomicrographs of compound eyes of transgenic flies with the following genotypes are shown: (A) GMR ± grim1/GMR ± grim1, (B) GMR ± reaper46/GMR ± reaper46, (C) GMR ± hid10/GMR ± hid10, (D) GMR ± ced4/GMR ± ced4, (E) GMR ± GAL4/+;UAS ± p53/UAS ± p53, (F) GMR ± grim1/+, (G) GMR ± reaper46/+, (H) GMR ± hid10/+, (I) GMR ± ced4/+, (J) GMR ± GAL4/+;UAS-p53/+, (K) GMR ± grim1/ter94 , (L) ter94 26-8 /+;GMR ± reaper46/+, (M) GMR ± hid10/ter94 , (N) GMR ± ced4/ter94 and (O) GMR ± GAL4/+;UAS ± p53/ter94 . (A ± J) Expression of each of the cell death-inducing genes in the Drosophila compound eye exhibited different degrees of eye degeneration phenotypes in a gene-dosage dependent manner. (K ± O) Note that these eye degeneration phenotypes were not rescued at all in the ter94 
/+ background
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Materials and Methods
Drosophila strains and genetics
Fly culture and crosses were performed at 258C on standard food. We screened 180 lines carrying chromosomal deficiency for an enhancement or a suppression of the rough eye phenotypes induced by ex-polyQ expression. Chromosomal deficiency fly lines were supplied by Dr. S Hayashi (National Institute of Genetics, Japan). Two P-element insertions, l(2)k15502 and l(2)03775 were obtained from the Drosophila Stock Center at Bloomington, Indiana, USA. Dr. ES Goldstein (Arizona State University, USA) kindly provided flies carrying EMS-induced lethal alleles of ter94. Dr. H Steller (Massachusetts Institute of Technology, USA) kindly provided GMR ± reaper46 and GMR ± hid10. Dr. JM Abrams (University of Texas Southwestern Medical Center, USA) kindly provided GMR ± grim1. Dr. M Miura (Osaka University, Japan) kindly provided GMR ± ced-4. We sincerely thank these scientists for their valuable materials.
Construction of transgene and Plasmid rescue
To generate the poly CAG tracts, genomic DNA from Machado ± Joseph Disease patient containing 79 and 92 repeat of CAG and normal control were used as a template for PCR synthesis. 40 Resulting PCR fragments were digested with BamHI and EcoRI and inserted in-frame to a FLAG tag sequence into BamHI ± EcoRI fragment of pCMX ± FLAG vector. 41 HindIII ± EcoRI fragments containing FLAG tag and CAG repeat were blunted with Klenow Fragment (Roche) and subcloned into StuI site of pGMR vector. 42 A ter94 cDNA fragment that included the entire coding region as well as 110 bp of 5' untranslated sequence and 560 bp of 3' untranslated sequence was cloned into the pUAS vector. Subcloning, mapping and DNA sequencing were performed by standard protocols. DNA flanking the insertion site was isolated following digestion of genomic DNA from l(2)k15502 and l(2)03775 with EcoRI and subsequent rescue of circularized plasmid. A 1.0 kb fragment from the rescued DNA were sequenced and sequence comparison was done with the BLAST server at BDGP. Sequence analysis was performed by dideoxy chain termination procedure using an ABI DNA sequencer.
Generation of transgenic¯ies
Transgenic flies were generated by microinjecting pGMR ± Q79, pGMR ± Q92, pGMR ± Q22 and pUAS ± ter94 according to standard protocols. Several independent lines were established from each transgene and their integration sites were mapped to individual chromosomes.
Immunohistochemistry and TUNEL analysis
Imaginal discs from third instar larvae were dissected in Drosophila's Ringer's solution and fixed in 4% paraformaldehyde (PFA)/PBS for 30 min at room temperature or at 48C. The heads of pupas were decapitated and fixed in 4% PFA/PBS for 12 h at 48C. After fixation, heads were incubated in increasing concentrations of sucrose/PBS (from 10% to 30%) at 48C, and then embedded in OCT4583 (TissueTek), frozen on dry-ice, and sectioned. After washing in PBS/0.3% TritonX-100 (PBT), the samples were blocked with PBT containing 10% normal goat serum for 30 min at room temperature and then incubated with a mouse anti-flag monoclonal antibody M5 (Sigma) at 1 : 1000 dilution and rabbit anti-ter94 serum at 1 : 500 dilution at 48C for 12 h. After extensive washing with PBT, samples were incubated with FITC-labeled goat anti-mouse or texas red-labeled anti-rabbit second antibody (Jackson Immunoresearch) at 1 : 2000 dilution for 3 h at 48C. After extensive washing with PBT, samples were mounted in VECTORSHIELD mounting medium with DAPI (Vector Laboratories) and were analyzed by confocal microscopy (Carl Zeiss). The TUNEL assay was performed using In Situ Cell Death Detection kit (Roche) following manufacturer's protocol.
Generation of anti-ter94 polyclonal antibody
Anti-ter94 rabbit polyclonal antibody was generated by standard methods using a full-length ter94 protein fused to glutathione-Stransferase (GST ± ter94) as an antigen. GST ± ter94 was purified by ion exchange chromatography and injected subcutaneously into rabbits for immunization. Affinity purification of the serum was performed using AminoLink Immobilization kit (Pierce).
Scanning electron microscopy
Adult flies were anesthetized, mounted and observed under a Hitachi S-100 scanning electron microscope in the low vacuum mode.
